Abstract: Fe-doped LiNbO 3 synthesized by the combustion method to seek new multiferroic materials exhibits room-temperature ferromagnetism, as reported in our previous work. In this work, the defect structure of congruent and Fe-doped LiNbO 3 (0.57-3.3 mol %) powders was investigated in detail by several methods. The molar ratio of [Li]/([Li]+[Nb]) was determined by the Curie temperature (T c ) via DSC. Two peaks of T c were observed due to phase splitting, and the phase at lower T c disappears as the Fe doping concentration increases. The coexistence of two different oxidation states of Fe ions in LiNbO 3 was probed by XPS and UV-Vis spectroscopy. The Raman spectra exhibit displacements along the c axis of Li and Nb ions, and a deformation of the NbO 6 framework owing to Fe doping. Several doping models were applied in the Rietveld refinement of powder X-ray diffraction collected by synchrotron radiation. The fitting by the Nb vacancy model leads to an improbably distorted structure of congruent LiNbO 3 . In Fe-doped LiNbO 3 , we conjecture that Li and Nb vacancies coexist in the lattice structure; Fe +2 /Fe +3 ions are substituted for Li ions at the regular Li site and may push the anti-site Nb Li ion back to the regular Nb site.
Introduction
The discovery of the single-phase multiferroic materials with high magnetoelectric susceptibility in room temperature for the intention of advanced functional devices fabrication and the investigation of the mechanism of the magnetoelectric coupling phenomena have been so far essential in the field of research [1] [2] [3] . Two major types of oxide candidates have been frequently investigated for their multiferroic properties. One is materials with magnetic ordering-induced multiferroic behavior, in which electric polarization is induced in a magnetically ordered state like complex spin structures, but a major limitation to further use is the low phase transformation temperature. The other type is the perovskite-type compound, in which the electric polarization and the magnetic coupling are donated by different ions in the lattice structure, and the Curie temperature is high enough for devices working at room temperature but the magnetoelectric coupling is small. However, only BiFeO 3 has been widely investigated and was applied to the composite systems [4] . Nowadays, the limited choice
Results and Discussion
Several intrinsic defect models have been proposed in the literature to describe congruent LiNbO 3 . The Li deficiency in the lattice contributes to Nb* ions. In the Li vacancy model [15] , the charge neutrality is guaranteed by the creation of Li vacancies. For one Nb* ion, there are four Li vacancies, hereafter denoted as VLi, so that the corresponding chemical formula can be written as: Nb* x VLi 4x ][Nb]O 3 .
(1)
In the Nb vacancy model [14] , Nb vacancies, hereafter denoted as VNb, are created to maintain the charge neutrality. Four VNb are needed for five Nb* ions, and the corresponding chemical formula can be written as: 
The Li vacancy model was supported by NMR results [42] and the structure refinement via means of X-ray diffraction and neutron diffraction. In the past decades, Li vacancy model was recognized as the proper model to interpret the defect structure of LiNbO 3 . However, recently several mixed-vacancy models that combine the Li vacancy model and Nb vacancy model were discussed. Abdi et al. [13] suggested that VLi and VNb coexist in the lattice by comparison with the Raman spectra and electro-optical data. They preferred a mixed-vacancy model based upon Nb vacancy model (for X c from 48.5% to 48.9%). For X c beyond 48.9%, the defect model would follow the way of the Li vacancy model. In their mixed-vacancy model, VLi would increase and VNb would disappear as increasing the incorporation of Li into the lattice. Li et al. [16, 17] have studied the charge transition levels of the intrinsic point defects and the formation energies of these defect clusters from first principle method. In addition to Li and Nb vacancy model, they proposed a mixed-vacancy model to do the calculation. Their result indicated that the total formation energy is in favor of Li vacancy model, while the Nb vacancy model has the lowest formation energy per single point defect, and they noted that VNb may occur in the strongly n-type sample. Therefore, the mixed-vacancy model could describe the defect structure of a certain type of metal-doped LiNbO 3 . The mixed-vacancy model proposed by Li et 
In our work, Li vacancy model, Nb vacancy model, and the mixed-vacancy model proposed by Li et al. were adopted for the structure refinement.
The Li concentration of our samples was determined by the equation of T c and X c . Iyi et al. [15, 40] described the linear dependence of T c on Li concertation by the following equation:
where X c is equal to the molar ratio of [Li] /( [Li] + [Nb] ) and denotes as the mol % of Li of the compound; T c is in Centigrade. Figure 1 displays the DSC curve of congruent LiNbO 3 and Fe-doped LiNbO 3 . The value of each T c peak and the corresponding X c by Equation (4) are shown in Table 1 . Fe/Nb ratio of Fe-doped LiNbO 3 is shown in Table 2 . Figure 1 demonstrates that there are two phase transition peaks in the DSC curve of congruent LiNbO 3 , which correspond to X c = 46.55% and 49.24% in LN43. Moreover, the intensity of the higher T c was much stronger than the lower one. The existence of two peaks coincides with the observation of phase splitting in the previous report [36] , where Li 0.91 NbO 3 and LiNbO 3 structures were formed to reduce the lattice distortion in the calcining process. There is a deviation between the calculated X c and the stoichiometry in the experiment procedure that could be attributed to the indeterminate amount of water of crystallization in the ammonium niobate (V) oxalate hydrate. We have also observed that there was no apparent change in the T c of congruent LiNbO 3 with different stoichiometry. It seems that the combustion method is insensitive to the stoichiometry of LiNbO 3 and has a wide tolerance for the chemical composition error. The Fe-doped LiNbO 3 with relatively low concentration below 1 mol % like FLN-A-43 and FLN-B-43, also has two T c peaks and the values are similar to those of undoped ones. The lower T c peak disappears in Fe-doped LiNbO 3 with a concentration above 1 mol %, such as FLN-x-43 (x = C, D, E). Although Equation (4) is applied for undoped LiNbO 3 , it may still imply that doping by Fe eliminates the phase that contains relatively more defects and hence renders the crystal structure stable. Fe-doped LiNbO3 with a concentration above 1 mol %, such as FLN-x-43 (x = C, D, E). Although Equation (4) is applied for undoped LiNbO3, it may still imply that doping by Fe eliminates the phase Figure 1 . DSC curves of congruent LiNbO3 (LN41 to LN43) and Fe-doped LiNbO3 (FLN-x-43, x = A to E). Figure 2 . In general, the common oxidation states of Nb are either +5, as in Nb2O5, where the biding energies of 3d5/2 and 3d3/2 were 207.5 and 210.2 eV [43] , or +4, as in NbO2, where the biding energies of 3d5/2 were 205.9 eV [44] , and the energy gap is about 1.6 eV from the +5 to the +4 state. P. Steiner et al [45] investigated the chemical state of stoichiometric LiNbO3 with biding energies of 3d5/2 located at 207.1 eV. Figure 2a is the Nb 3d core level spectrum, the shape of each peak is symmetrical so that it could not be separated into two peaks, and the displacement of the peaks is too small to detect, which may be due to the relatively minor concentration ratio of Nb* to Nb. The biding energies for Nb 3d5/2 and 3d3/2 in our study were 206.6 and 209.5 eV, respectively. This is reasonable for congruent LiNbO3 because these values are between +4 state and the values for stoichiometric LiNbO3, and even closer to the latter. Figure 2b displays the Fe 2p core level spectrum; the biding energies for Fe 2p3/2 and 2p1/2 were From the XPS analysis, we observed the chemical state of congruent and Fe-doped LiNbO 3 by checking the changes of the charge value of the Nb and Fe ions as shown in Figure 2 . In general, the common oxidation states of Nb are either +5, as in Nb 2 O 5 , where the biding energies of 3d 5/2 and 3d 3/2 were 207.5 and 210.2 eV [43] , or +4, as in NbO 2 , where the biding energies of 3d 5/2 were 205.9 eV [44] , and the energy gap is about 1.6 eV from the +5 to the +4 state. P. Steiner et al [45] investigated the chemical state of stoichiometric LiNbO 3 with biding energies of 3d 5/2 located at 207.1 eV. Figure 2a is the Nb 3d core level spectrum, the shape of each peak is symmetrical so that it could not be separated into two peaks, and the displacement of the peaks is too small to detect, which may be due to the relatively minor concentration ratio of Nb* to Nb. The biding energies for Nb 3d 5/2 and 3d 3/2 in our study were 206.6 and 209.5 eV, respectively. This is reasonable for congruent LiNbO 3 because these values are between +4 state and the values for stoichiometric LiNbO 3 , and even closer to the latter. Figure 2b displays the Fe 2p core level spectrum; the biding energies for Fe 2p 3/2 and 2p 1/2 were 710 and 723 eV, which means the oxidation state of Fe was a mixture of divalent and trivalent ions [46] . The O 1s core level spectrum is shown in Figure 2c . The main peak is located at 529.6 eV, which is characteristic of oxygen in the metal oxide, and a small peak emerges near the main peak and is located at 531.6 eV, which is characteristic of oxygen in hydroxyl groups. The OH bond in LiNbO 3 has been studied in FTIR spectra. The proton was assumed to be incorporated into the crystal defects, while LiNbO 3 was grown in a humid atmosphere by the Czochralski method [47] . We conjecture that the OH bond exists in XPS by the same reason. The proton comes from the air in the combustion process and the OH bond is the combination of the proton with the O ion near the vacancy defect. [46] . The O 1s core level spectrum is shown in Figure 2c . The main peak is located at 529.6 eV, which is characteristic of oxygen in the metal oxide, and a small peak emerges near the main peak and is located at 531.6 eV, which is characteristic of oxygen in hydroxyl groups. The OH bond in LiNbO3 has been studied in FTIR spectra. The proton was assumed to be incorporated into the crystal defects, while LiNbO3 was grown in a humid atmosphere by the Czochralski method [47] . We conjecture that the OH bond exists in XPS by the same reason. The proton comes from the air in the combustion process and the OH bond is the combination of the proton with the O ion near the vacancy defect. Figure 3 exhibits the UV-Vis absorption spectra of our samples. It visualizes the absorption peak at 480 nm in each spectrum of Fe-doped LiNbO3 and the intensity increases as the doping concentration increases, which is proportional to Fe +2 concentration. These features coincide with previous reports [26] [27] [28] [29] [30] 48, 49] . The peak at 480 nm is assigned to the excitation of the electrons of Fe 2+ to the conduction band by the photon and the intervalence transfer between Fe +2 and Nb +5 at d band [27] . Furthermore, from the view of the trend of absorption edge shifting, we can see that the spectra of congruent LiNbO3 were similar, but for Fe-doped ones, the slope of the curve near the absorption edge became steeper and the intercept point shifts to the longer wavelengths. The position of the absorption edge is related to the transition energy of the valence electron from 2p orbits of O 2− to 4d orbits of Nb 5+ in LiNbO3. Doping with ions of high polarization ability enhances the deformation degree of O 2− 2p orbits, and therefore decreases the width of forbidden band and the transition energy, resulting in the redshift of the absorption edge [50] . The polarization ability values Figure 3 exhibits the UV-Vis absorption spectra of our samples. It visualizes the absorption peak at 480 nm in each spectrum of Fe-doped LiNbO 3 and the intensity increases as the doping concentration increases, which is proportional to Fe +2 concentration. These features coincide with previous reports [26] [27] [28] [29] [30] 48, 49] . The peak at 480 nm is assigned to the excitation of the electrons of Fe 2+ to the conduction band by the photon and the intervalence transfer between Fe +2 and Nb +5 at d band [27] . Furthermore, from the view of the trend of absorption edge shifting, we can see that the spectra of congruent LiNbO 3 were similar, but for Fe-doped ones, the slope of the curve near the absorption edge became steeper and the intercept point shifts to the longer wavelengths. The position of the absorption edge is related to the transition energy of the valence electron from 2p orbits of O 2− to 4d orbits of Nb 5+ in LiNbO 3 . Doping with ions of high polarization ability enhances the deformation degree of O 2− 2p orbits, and therefore decreases the width of forbidden band and the transition energy, resulting in the redshift of the absorption edge [50] . The polarization ability values of the Fe 3+ , Li + , and Nb 5+ ions are 55.32, 2.49, and 58.51, respectively [51] . Therefore, the Fe ion substitutes for the Li ion at the regular Li site. The shift is greater with increasing doping concentration, the same as in the examined literature [26, 29] . substitutes for the Li ion at the regular Li site. The shift is greater with increasing doping concentration, the same as in the examined literature [28, 31] . In order to understand the structure of LiNbO3 synthesized via the combustion method, we discuss the Raman spectra of the series of congruent LiNbO3, and then compare them to the Raman data of Fe-doped LiNbO3 from the previous study [1] . LiNbO3 belongs to the 3m point group and R3c space group. LiNbO3 structure could be described as an array of distorted octahedral oxygen cages (LiO6, NbO6, and ʋO6, where ʋ is a vacancy) sharing faces along the c axis. The octahedral interstitials are filled in the order Nb 5+ , Li + , ʋ, Nb 5+ , …, which shift from the symmetrical position of the octahedron site along the c axis, as shown in Figure 4 . Generally, doping ions would affect the deformation of these oxygen octahedra. Therefore, Raman spectrum is suggested to investigate the defect structure of the doped LiNbO3.
Consequently, 18 vibration modes are expected in the Raman spectra of LiNbO3 crystal and decomposed into 4A1 + 9E + 5A2, where A1 and E are both Raman and IR active while A2 are Raman inactive. The ionic motions associated with A1 (TO) modes are simpler and all four TO modes are correctly predicted from theory and detected in the experiment. However, the vibrational E modes are relatively complicated and none of the configurations allows for the detection of all 9 E TO modes. The assignment of the two missing modes is inconsistent in the literature [52] [53] [54] [55] [56] . Because our samples are powders, the scattering geometry was not specified for the detection. The results shown in Figure 5 confirm the assignment of Raman spectra by Repelin et al. [54] , and are also similar to the Raman spectra of Fe-doped LiNbO3 reported by Mignoni et al. [27] .
The frequencies in the 270-400 cm −1 are influenced by Li cation displacements. There is no evident change from LN41 to LN42, but the peaks are sharper in the undoped LiNbO3 than in Fe-doped LiNbO3, indicating that doping with Fe causes the deformation of the NbO6 framework and the distortion of the crystal. As shown in Figure 5 , the peaks of 257 cm −1 shifts to 262 cm −1 and the peak intensity decreases. This observation is similar to the report by Mignoni et al. [27] . The peaks of 257 cm −1 are A1 (TO1) mode. According to calculations of Caciuc et al. [52] , the A1 (TO1) mode corresponds to a vibration along the c axis of Nb ion, while Repelin et al. [54] regarded it as related to the deformation of NbO6 framework, mainly by oxygen atom shifts and small shifts of Li atoms. Mignoni et al. adaapted the interpretation of Caciuc et al. and speculated that Fe ions are incorporated onto the regular Li site and also push Nb* ions back to the regular Nb site, causing the vibration of Nb along the c axis. However, it should be noted that decreasing the concentration of Nb* at the regular Li site means decreases in the photoconductivity, which is typical for Mg-doped LiNbO3, not for Fe-doped. On the other hand, the idea that an Fe ion incorporated onto the regular In order to understand the structure of LiNbO 3 synthesized via the combustion method, we discuss the Raman spectra of the series of congruent LiNbO 3 , and then compare them to the Raman data of Fe-doped LiNbO 3 from the previous study [33] . LiNbO 3 belongs to the 3m point group and R3c space group. LiNbO 3 structure could be described as an array of distorted octahedral oxygen cages (LiO 6 , NbO 6 , and bstitutes for the Li ion at the regular Li site. The shift is greater with increasing doping ncentration, the same as in the examined literature [28, 31] . In order to understand the structure of LiNbO3 synthesized via the combustion method, we scuss the Raman spectra of the series of congruent LiNbO3, and then compare them to the Raman ta of Fe-doped LiNbO3 from the previous study [1] . LiNbO3 belongs to the 3m point group and c space group. LiNbO3 structure could be described as an array of distorted octahedral oxygen ges (LiO6, NbO6, and ʋO6, where ʋ is a vacancy) sharing faces along the c axis. The octahedral terstitials are filled in the order Nb 5+ , Li + , ʋ, Nb 5+ , …, which shift from the symmetrical position of e octahedron site along the c axis, as shown in Figure 4 . Generally, doping ions would affect the formation of these oxygen octahedra. Therefore, Raman spectrum is suggested to investigate the fect structure of the doped LiNbO3.
Consequently, 18 vibration modes are expected in the Raman spectra of LiNbO3 crystal and composed into 4A1 + 9E + 5A2, where A1 and E are both Raman and IR active while A2 are Raman active. The ionic motions associated with A1 (TO) modes are simpler and all four TO modes are rrectly predicted from theory and detected in the experiment. However, the vibrational E modes e relatively complicated and none of the configurations allows for the detection of all 9 E TO odes. The assignment of the two missing modes is inconsistent in the literature [52] [53] [54] [55] [56] . Because r samples are powders, the scattering geometry was not specified for the detection. The results own in Figure 5 confirm the assignment of Raman spectra by Repelin et al. [54] , and are also milar to the Raman spectra of Fe-doped LiNbO3 reported by Mignoni et al. [27] .
The frequencies in the 270-400 cm −1 are influenced by Li cation displacements. There is no ident change from LN41 to LN42, but the peaks are sharper in the undoped LiNbO3 than in -doped LiNbO3, indicating that doping with Fe causes the deformation of the NbO6 framework d the distortion of the crystal. As shown in Figure 5 , the peaks of 257 cm −1 shifts to 262 cm −1 and the ak intensity decreases. This observation is similar to the report by Mignoni et al. [27] . The peaks of 7 cm −1 are A1 (TO1) mode. According to calculations of Caciuc et al. [52] , the A1 (TO1) mode rresponds to a vibration along the c axis of Nb ion, while Repelin et al. [54] regarded it as related to e deformation of NbO6 framework, mainly by oxygen atom shifts and small shifts of Li atoms. ignoni et al. adaapted the interpretation of Caciuc et al. and speculated that Fe ions are corporated onto the regular Li site and also push Nb* ions back to the regular Nb site, causing the bration of Nb along the c axis. However, it should be noted that decreasing the concentration of b* at the regular Li site means decreases in the photoconductivity, which is typical for Mg-doped NbO3, not for Fe-doped. On the other hand, the idea that an Fe ion incorporated onto the regular substitutes for the Li ion at the regular Li site. The shift is greater with increasing doping concentration, the same as in the examined literature [28, 31] . In order to understand the structure of LiNbO3 synthesized via the combustion method, we discuss the Raman spectra of the series of congruent LiNbO3, and then compare them to the Raman data of Fe-doped LiNbO3 from the previous study [1] . LiNbO3 belongs to the 3m point group and R3c space group. LiNbO3 structure could be described as an array of distorted octahedral oxygen cages (LiO6, NbO6, and ʋO6, where ʋ is a vacancy) sharing faces along the c axis. The octahedral interstitials are filled in the order Nb 5+ , Li + , ʋ, Nb 5+ , …, which shift from the symmetrical position of the octahedron site along the c axis, as shown in Figure 4 . Generally, doping ions would affect the deformation of these oxygen octahedra. Therefore, Raman spectrum is suggested to investigate the defect structure of the doped LiNbO3.
The frequencies in the 270-400 cm −1 are influenced by Li cation displacements. There is no evident change from LN41 to LN42, but the peaks are sharper in the undoped LiNbO3 than in Fe-doped LiNbO3, indicating that doping with Fe causes the deformation of the NbO6 framework and the distortion of the crystal. As shown in Figure 5 , the peaks of 257 cm −1 shifts to 262 cm −1 and the peak intensity decreases. This observation is similar to the report by Mignoni et al. [27] . The peaks of 257 cm −1 are A1 (TO1) mode. According to calculations of Caciuc et al. [52] , the A1 (TO1) mode corresponds to a vibration along the c axis of Nb ion, while Repelin et al. [54] regarded it as related to the deformation of NbO6 framework, mainly by oxygen atom shifts and small shifts of Li atoms. Mignoni et al. adaapted the interpretation of Caciuc et al. and speculated that Fe ions are incorporated onto the regular Li site and also push Nb* ions back to the regular Nb site, causing the vibration of Nb along the c axis. However, it should be noted that decreasing the concentration of Nb* at the regular Li site means decreases in the photoconductivity, which is typical for Mg-doped LiNbO3, not for Fe-doped. On the other hand, the idea that an Fe ion incorporated onto the regular substitutes for the Li ion at the regular Li site. The shift is greater with increasing doping concentration, the same as in the examined literature [28, 31] . In order to understand the structure of LiNbO3 synthesized via the combustion method, we discuss the Raman spectra of the series of congruent LiNbO3, and then compare them to the Raman data of Fe-doped LiNbO3 from the previous study [1] . LiNbO3 belongs to the 3m point group and R3c space group. LiNbO3 structure could be described as an array of distorted octahedral oxygen cages (LiO6, NbO6, and ʋO6, where ʋ is a vacancy) sharing faces along the c axis. The octahedral interstitials are filled in the order Nb 5+ , Li + , ʋ, Nb 5+ , …, which shift from the symmetrical position of the octahedron site along the c axis, as shown in Figure 4 . Generally, doping ions would affect the deformation of these oxygen octahedra. Therefore, Raman spectrum is suggested to investigate the defect structure of the doped LiNbO3.
The frequencies in the 270-400 cm −1 are influenced by Li cation displacements. There is no evident change from LN41 to LN42, but the peaks are sharper in the undoped LiNbO3 than in Fe-doped LiNbO3, indicating that doping with Fe causes the deformation of the NbO6 framework and the distortion of the crystal. As shown in Figure 5 , the peaks of 257 cm −1 shifts to 262 cm −1 and the peak intensity decreases. This observation is similar to the report by Mignoni et al. [27] . The peaks of 257 cm −1 are A1 (TO1) mode. According to calculations of Caciuc et al. [52] , the A1 (TO1) mode corresponds to a vibration along the c axis of Nb ion, while Repelin et al. [54] regarded it as related to the deformation of NbO6 framework, mainly by oxygen atom shifts and small shifts of Li atoms. Mignoni et al. adaapted the interpretation of Caciuc et al. and speculated that Fe ions are incorporated onto the regular Li site and also push Nb* ions back to the regular Nb site, causing the vibration of Nb along the c axis. However, it should be noted that decreasing the concentration of Nb* at the regular Li site means decreases in the photoconductivity, which is typical for Mg-doped LiNbO3, not for Fe-doped. On the other hand, the idea that an Fe ion incorporated onto the regular , Nb 5+ , . . . , which shift from the symmetrical position of the octahedron site along the c axis, as shown in Figure 4 . Generally, doping ions would affect the deformation of these oxygen octahedra. Therefore, Raman spectrum is suggested to investigate the defect structure of the doped LiNbO 3 .
Consequently, 18 vibration modes are expected in the Raman spectra of LiNbO 3 crystal and decomposed into 4A1 + 9E + 5A2, where A1 and E are both Raman and IR active while A2 are Raman inactive. The ionic motions associated with A1 (TO) modes are simpler and all four TO modes are correctly predicted from theory and detected in the experiment. However, the vibrational E modes are relatively complicated and none of the configurations allows for the detection of all 9 E TO modes. The assignment of the two missing modes is inconsistent in the literature [52] [53] [54] [55] [56] . Because our samples are powders, the scattering geometry was not specified for the detection. The results shown in Figure 5 confirm the assignment of Raman spectra by Repelin et al. [54] , and are also similar to the Raman spectra of Fe-doped LiNbO 3 reported by Mignoni et al. [25] .
The frequencies in the 270-400 cm −1 are influenced by Li cation displacements. There is no evident change from LN41 to LN42, but the peaks are sharper in the undoped LiNbO 3 than in Fe-doped LiNbO 3 , indicating that doping with Fe causes the deformation of the NbO 6 framework and the distortion of the crystal. As shown in Figure 5 , the peaks of 257 cm −1 shifts to 262 cm −1 and the peak intensity decreases. This observation is similar to the report by Mignoni et al. [25] . The peaks of 257 cm −1 are A1 (TO1) mode. According to calculations of Caciuc et al. [52] , the A1 (TO1) mode corresponds to a vibration along the c axis of Nb ion, while Repelin et al. [54] regarded it as related to the deformation of NbO 6 framework, mainly by oxygen atom shifts and small shifts of Li atoms.
Mignoni et al. adaapted the interpretation of Caciuc et al. and speculated that Fe ions are incorporated onto the regular Li site and also push Nb* ions back to the regular Nb site, causing the vibration of Nb along the c axis. However, it should be noted that decreasing the concentration of Nb* at the regular Li site means decreases in the photoconductivity, which is typical for Mg-doped LiNbO 3 , not for Fe-doped. On the other hand, the idea that an Fe ion incorporated onto the regular Nb site could cause the vibration of Nb directly was disproved by most previous studies, as mentioned above. Therefore, we would take this dispute into consideration while doing the structure refinement in the later sections.
The A1 (TO2) mode is at 276 cm −1 , called the Li-O stretching mode, and is strong related to the vibration of Li ions along the c axis. As shown in Figure 5 , the peak of 276 cm −1 shifts to 274 cm −1 and the peak intensity decreases. In the study of Mg-doped LiNbO 3 by Sidorov et al. [57] , the peaks at 257 cm −1 and 276 cm −1 broaden and merge together when the doping concentration increases. In our study, a similar result was observed, which means that those Fe ions go on the regular Li site and strongly influence the displacement and bonding of Li-O in the lattice. The peaks at 334 cm −1 and 633 cm −1 correspond to A1 (TO3) and A1 (TO4) mode, both related to the rotation and stretching of the NbO 6 framework caused by the shift of oxygen anions. It can be seen from Figure 5 that as the peaks at 334 cm -1 and 633 cm −1 shift towards low frequencies, the peak shape becomes broader and the intensity decreases with the increase in Fe-doping concentration. This reveals that doping with Fe causes the deformation of the whole oxygen octahedral.
The deformation of the NbO 6 framework could also be probed by the observation of E (TO1), E (TO2), E (TO8), and E (TO9) modes. It could be seen that the peak at 155 cm −1 , corresponding to the E (TO1) mode, shifts towards higher frequencies. The E (TO1) mode is related to the deformation of the NbO 6 framework on the xy plane, which implies that doping with Fe causes changes in the lattice parameter a. The peak at 178 cm −1 , the disputed missing E mode, which corresponds to E (TO2), is observed in undoped LiNbO 3 and disappears as the doping concentration increases in Figure 4 . Repelin et al. [54] pointed out that it is related to the O-Nb-O bending. E-mode-related O-Nb-O stretching is also visible in the E (TO8) and E (TO9) modes, and at the peaks at 582 cm −1 and 610 cm −1 , where there is a missing E mode. Figure 4 shows that there has been an obvious change in the peak shape, shift, and intensity of the peak from 582 cm −1 to 633 cm −1 . Therefore, we infer that replacing Li ions by Fe gives rise to the O-Nb-O stretching and bending in the different direction and finally results in the deformation of the NbO 6 framework. Nb site could cause the vibration of Nb directly was disproved by most previous studies, as mentioned above. Therefore, we would take this dispute into consideration while doing the structure refinement in the later sections. The A1 (TO2) mode is at 276 cm −1 , called the Li-O stretching mode, and is strong related to the vibration of Li ions along the c axis. As shown in Figure 5 , the peak of 276 cm −1 shifts to 274 cm −1 and the peak intensity decreases. In the study of Mg-doped LiNbO3 by Sidorov et al. [57] , the peaks at 257 cm −1 and 276 cm −1 broaden and merge together when the doping concentration increases. In our study, a similar result was observed, which means that those Fe ions go on the regular Li site and strongly influence the displacement and bonding of Li-O in the lattice. The peaks at 334 cm −1 and 633 cm −1 correspond to A1 (TO3) and A1 (TO4) mode, both related to the rotation and stretching of the NbO6 framework caused by the shift of oxygen anions. It can be seen from Figure 5 that as the peaks at 334 cm -1 and 633 cm −1 shift towards low frequencies, the peak shape becomes broader and the intensity decreases with the increase in Fe-doping concentration. This reveals that doping with Fe causes the deformation of the whole oxygen octahedral.
The deformation of the NbO6 framework could also be probed by the observation of E (TO1), E (TO2), E (TO8), and E (TO9) modes. It could be seen that the peak at 155 cm −1 , corresponding to the E (TO1) mode, shifts towards higher frequencies. The E (TO1) mode is related to the deformation of the NbO6 framework on the xy plane, which implies that doping with Fe causes changes in the lattice parameter a. The peak at 178 cm −1 , the disputed missing E mode, which corresponds to E (TO2), is observed in undoped LiNbO3 and disappears as the doping concentration increases in Figure 4 . Repelin et al. [54] pointed out that it is related to the O-Nb-O bending. E-mode-related O-Nb-O stretching is also visible in the E (TO8) and E (TO9) modes, and at the peaks at 582 cm −1 and 610 cm −1 , where there is a missing E mode. Figure 4 shows that there has been an obvious change in the peak shape, shift, and intensity of the peak from 582 cm −1 to 633 cm −1 . Therefore, we infer that replacing Li ions by Fe gives rise to the O-Nb-O stretching and bending in the different direction and finally results in the deformation of the NbO6 framework. The powder diffraction patterns of congruent LiNbO 3 and Fe-doped LiNbO 3 collected by synchrotron radiation were shown in Figure 6 , which is demonstrated with the wavelength of Cu Kα. The powder diffraction data were analyzed to refine the defect structure of our samples via the Rietveld refinement program GSAS. As mentioned above, the Li vacancy model, the Nb vacancy model, and the mixed-vacancy model proposed by Li et al. would be adopted into the structure refinement in our work. Based on the data of DSC, shown in Table 1 and Figure 1 , the peak intensity at the higher T c is stronger than at the lower T c and the phase of the lower T c disappears in high Fe-doped samples. This means that the phase of the higher T c is more stable than that of the lower T c. Thus, the X c calculated from the higher T c peak was adopted to refine the structure of LN43. The powder diffraction patterns of congruent LiNbO3 and Fe-doped LiNbO3 collected by synchrotron radiation were shown in Figure 6 , which is demonstrated with the wavelength of Cu Kα. The powder diffraction data were analyzed to refine the defect structure of our samples via the Rietveld refinement program GSAS. As mentioned above, the Li vacancy model, the Nb vacancy model, and the mixed-vacancy model proposed by Li et al. would be adopted into the structure refinement in our work. Based on the data of DSC, shown in Table 1 and Figure 1 , the peak intensity at the higher Tc is stronger than at the lower Tc and the phase of the lower Tc disappears in high Fe-doped samples. This means that the phase of the higher Tc is more stable than that of the lower Tc. Thus, the Xc calculated from the higher Tc peak was adopted to refine the structure of LN43. Table 3 . The goodness of fit parameters for the fit, like χ 2 , Rwp, Rp, and R(f 2 ) are acceptable. However, some of the isotropic displacement parameters, Uiso factors, are implausible. Uiso factor is related to the deformation of the electron density around the atom due to chemical bonding and Table 3 . The goodness of fit parameters for the fit, like χ 2 , R wp , R p , and R (f 2 ) are acceptable. However, some of the isotropic displacement parameters, Uiso factors, are implausible. Uiso factor is related to the deformation of the electron density around the atom due to chemical bonding and affected by the absorption and other instrumental effects [58] . For tightly bound atoms in a metal oxide, a typical value of Uiso varies from 0.0063 to 0.038 Å 2 . Usually, the range of Uiso Li/Nb* in LiNbO 3 is around 0.01 to 0.02 [15, [59] [60] [61] . It could be seen that the value of Uiso Li/Nb* in the Nb vacancy model is too high and in the Li vacancy is is below 0.01. The value of Uiso o in the mixed-vacancy and Li vacancy models is negative, which is also implausible. During the process of modifying models, it was found that the value of Uiso o would increase when increasing the occupancy of O or decreasing the occupancy of Nb, and the influence of the occupancy of Nb is stronger than O. Increasing the occupancy of O would also raise the value of Uiso Li/Nb* by a small amount. The small value of Uiso o in the mixed-vacancy and Li vacancy models may be owing to improper absorption during the experiment or the existence of a second phase like Li 3 NbO 4 . However, decreasing the occupancy of Nb would inevitably result in an implausibly large value of Uiso Li/Nb* . In the Nb vacancy model, the occupancy of Nb is lower than in the other two models, which contributes to a positive value of Uiso o and an unacceptably high Uiso Li/Nb* . affected by the absorption and other instrumental effects [58] . For tightly bound atoms in a metal oxide, a typical value of Uiso varies from 0.0063 to 0.038 Å 2 . Usually, the range of UisoLi/Nb* in LiNbO3 is around 0.01 to 0.02 [17, [59] [60] [61] . It could be seen that the value of UisoLi/Nb* in the Nb vacancy model is too high and in the Li vacancy is is below 0.01. The value of Uisoo in the mixed-vacancy and Li vacancy models is negative, which is also implausible. During the process of modifying models, it was found that the value of Uisoo would increase when increasing the occupancy of O or decreasing the occupancy of Nb, and the influence of the occupancy of Nb is stronger than O. Increasing the occupancy of O would also raise the value of UisoLi/Nb* by a small amount. The small value of Uisoo in the mixed-vacancy and Li vacancy models may be owing to improper absorption during the experiment or the existence of a second phase like Li3NbO4. However, decreasing the occupancy of Nb would inevitably result in an implausibly large value of UisoLi/Nb*. In the Nb vacancy model, the occupancy of Nb is lower than in the other two models, which contributes to a positive value of Uisoo and an unacceptably high UisoLi/Nb*.
(a) 2 ) 0.0168 0.0400 0.0355 0.0342
FLN-E-43
Model by Equation
Model by Equation (7) Model by Equation (8) Model by Equation 0.0168 0.0400 0.0355 0.0342
Model by Equation (5) Model by Equation (6) Model by Equation (7) Model by Equation (8) Model by Equation ( It is necessary to verify the rationality of these models in detail, thus, we investigate the refined atomic position, bond lengths, and bond angles of LN43, listed in Tables 4 and 5 FLN-E-43 in Equation (9) FLN-E-43 in Equation (5) 0.0475 (9) 0.3427 (14) 0.06462 (31) FLN-E-43 in Equation (6) 0.0473 (9) 0.3426 (14) 0.06466 (31) FLN-E-43 in Equation (7) 0.0471 (9) 0.3426 (14) 0.06468 (31) FLN-E-43 in Equation (8) 0.0468 (9) 0.3424 (14) 0.06474 (31) FLN-E-43 in Equation (9) 0.0472 (9) 0.3426 (14) 0.06467 (31) The oxidation state of Fe is trivalent in Equations (5) to (8) and divalent in Equation (9) . The charge-compensating defects for Fe ions replacing Li ions were excluded in our study. Equation (5) is rewritten from the mixed-vacancy model and one Fe +3 ion replaces one Li + ion; Equation (6) is rewritten from the mixed-vacancy model including the replacement of Li + ions and the item of pushed-back Nb* ions, and Equation (8) is rewritten from the mixed-vacancy model containing the replacement of both Li and Nb* ions as two Fe +3 ions replace one Li + ion and one Nb* ion. Equations (7) and (9) are rewritten from Li vacancy model based on the replacement of Li + ions only. In Equations (5) to (9) , the value of x is the same as in LN43, calculated from X c in DSC data; y means the concentration of Fe ions, which is calculated from the Fe/Nb ratio EPMA data listed in Table 2 ; α means the ratio of pushed-back Nb* ions over Fe ions. Figure 4 .
The formulae for Fe-doped LiNbO 3 are rewritten based on the mixed-vacancy model and Li vacancy model. According to the above discussion of XPS+, UV-Vis and Raman spectra, the proposed formulae would be based on the assumption that Fe ions are only incorporated onto the regular Li site. The incorporation of the Fe ion onto the regular Li site could be described as the substitution of Li ion only or Li and Nb* ion both. Since the oxidation state of Fe needs to be considered and the reported ratio of Fe +2 /Fe +3 in as-grown Fe-doped crystal is about 0.045-0.17 [30, 63] , the discussion will focus mainly on the model with Fe +3 ions. The dispute about the Nb* ions pushed back to the regular Nb site was also taken into consideration. The formulae for Fe-doped LiNbO 3 were listed below:
The mixed-vacancy model containing the replacement of Li ion by Fe +3 ion:
The mixed-vacancy model containing the replacement of Li by Fe +3 ion and pushed-back Nb* ions:
[ 
The mixed-vacancy model containing the replacement both of Li and Nb* ion by Fe +3 ion: 
Looking at Equation (6), these pushed-back Nb* ions cause an increase of VLi and a decrease of VNb. If αy is equal to x, VNb would all be eliminated and Equation (6) is equal to Equation (7). Since α is undetermined, an assumption needs be made in our study in order to verify the rationality of the speculation on the pushed-back Nb* ions. The highest doping concentration in our samples is 3.3 mol % in FLN-E-43. If VNb is expelled in FLN-E-43, the value of α would equal 0.1514 and the formula of FLN-E-43 calculated by Equation (6) would be the same as by Equation (7). Thus, an arbitrary value of α as 0.0757 is applied in Equation (6) to investigate the defect structure containing parts of pushed-back Nb* ions and VNb. Figure 7b shows the Rietveld plot of the PXRD patterns of FLN-E-43 by the mixed-vacancy model containing the replacement of Li ion by an Fe +3 ion. The Rietveld fit results of the lattice and agreement parameters of FLN-E-43 in different models are listed in Table 3 and the corresponding refined atomic position, bond lengths, and bond angles are listed in Tables 4 and 6 . Although the indicators of good of fitness show a good fit result, the value of Uiso Li/Nb*/Fe in the model by Equation (8) is too low to be considered acceptable. The occupancy of Nb* in the regular Li site strongly affects Uiso Li/Nb*/Fe and the replacement of Nb* ion would severely decrease the values of Uiso Li/Nb*/Fe . We deduce that the mixed-vacancy model containing the replacement of Nb* ions by Fe +3 ions is inappropriate. The major difference between models in terms of Equations (5)- (7) under the same doping concentration of Fe is the concentration of pushed-back Nb* ion. The value of Uiso Li/Nb*/Fe in the model by Equation (5) is 0.0226, which is beyond the reported range of LiNbO 3 . We inferred that the mixed-vacancy model containing items of the pushed-back Nb* ions and Li vacancy model is more reasonable for describing the defect structure of Fe-doped LiNbO 3 than the mixed-vacancy model without items of the pushed-back Nb* ions.
From Table 3 , it shows that doping Fe ion in LiNbO 3 causes lattice shrinkage. The position of Li in the c axis is reported to be shifting upward by about 0.1 Å in the data of Sanson et al. [32] . Since the location of Li ion is relative to the Nb ion along the c axis, a slight upward shift of Li ions could be observed from the increasing distance of Li-vacancy-Nb. Comparing the Li vacancy model and the model using Equation (7), the increment of the distance of Li-vacancy-Nb is around 0.042 Å in our study. The reported value of Fe +3 -O bond distances is about 1.98 to 2.07 Å, which is smaller than the bond length of Li-O [32] . The bond lengths and bond angles of Li-O and Fe-O in Fe-doped LiNbO 3 are under hybrid calculation in our refinement and denoted as Li/Fe-O in Table 6 . The bond lengths of Li/Fe-O in FLN-E-43 by Equation (7) are from 2.064 to 2.239 Å. The average bond length of Li/Fe-O in FLN-E-43 by Equation (7) Table 6 . Refined bond lengths, and bond angles of FLN-E-43 in the different models obtained from the Rietveld refinement. The errors represent the standard deviation (statistical only).
Model by Equation (5) Model by Equation (6) Model by Equation (7) Model by Equation (8) Model by Equation (9) From the analysis of XPS, divalent and trivalent Fe ions coexist at the regular Li site in the lattice structure of LiNbO 3 . The existence of an OH bond reveals the combination of the proton with an O ion near the vacancy defect, which is due to the charge compensation when the Li ion was replaced by the Nb* ion. The UV-vis spectra show the evidence of Fe +2 in Fe-doped LiNbO 3 ; the redshift of absorption edge implies that Fe ions replace Li ions at the regular Li site. By way of inspecting the Raman spectra, doping with Fe causes O-Li-O and O-Nb-O stretching and bending, which give rise to the deformation of the NbO 6 and LiO 6 framework. In addition, Raman spectra exhibits the displacements along the c axis of the Li and Nb ions, which implies that Fe ions not only substitute for Li but push Nb* ions back to the regular Nb site.
According to the controversy about the defect model of LiNbO 3 and the dispute about the occupation site of Fe, several models for comparison were adopted in the Rietveld refinement of powder X-ray diffraction collected by synchrotron radiation. The goodness of fit parameters for the fit, like χ 2 , R wp , R p , and R (f 2 ) , the isotropic displacement parameters, Uiso, and corresponding refined atomic position, bond lengths, and bond angles were used to evaluated the fitting results. This reveals that the fit result of congruent LiNbO 3 in the Nb vacancy model leads to an improbably distorted structure. The mixed-vacancy model and Li vacancy model are appropriate for interpreting the structures of congruent LiNbO 3 synthesized by the combustion method.
The doping models for Fe-doped LiNbO 3 are rewritten based on the mixed-vacancy model and Li vacancy model and the doping mechanism such as the substitution of Li ion only or both Li and Nb* ion by the different oxidation state of Fe ion were considered in these models. The dispute about the Nb* ions being pushed back to the regular Nb site was also taken into account.
The refinement data of PXRD reveal that doping Fe ions in LiNbO 3 causes lattice shrinkage and a slight distortion of the NbO 6 The pushed-back Nb* ion and the elimination of VNb causes an obvious decrement of the distance of Li/Fe-vacancy-Nb, related to the displacement of Li and Nb in the c axis. This is coincident with the observation of A1 (TO1) at Raman spectra. Therefore, speculation about doping Fe ions in LinbO 3 at the same time as pushing Nb* ions back to the regular Nb site is possible. The Li vacancy model with Fe +2 ions is also reasonable and the lattice shrinkage is smaller than in the model with Fe +3 ions. We conjecture that the defect structure of Fe-doped LiNbO 3 contains Li and Nb vacancies; Fe +2 /Fe +3 ions are substituted for the Li ions at the regular Li site and may push the Nb* ion back to the regular Nb site.
